ABSTRACT
). Such approach is beneficial for materials 51 whose viscosity-related characteristic length is physically inaccurate, or in fact too small to produce any 52 regularisation.
53
This work addresses the less investigated problem of formulating/calibrating viscoplastic models that 54 can quantitatively capture the rate-dependent behaviour of sands under diverse loading/initial/boundary 55 conditions. For this purpose, the existing elasto-plastic sand model by Buscarnera and Nova [34] (based 56 on the previous work of Jommi [35] , Jommi and di Prisco [36] and Nova et al. [37] ) is reformulated 57 according to Perzyna's viscoplastic approach and validated against experimental data from the literature.
58
Special attention is devoted to the importance of the viscous nucleus definition -main factor affecting 59 the rate-sensitiveness -and to the intrinsic pycnotropy of sand behaviour (dependence on the void ratio).
60
The latter aspect is addressed by introducing a straightforward void-ratio dependence of certain soil 61 parameters (viscosity, stiffness and hardening coefficients), as already explored e.g. by [38] .
62
The ultimate goal of the work is to re-open a discussion on the fundamental requisites of viscoplastic 63 sand models, not solely in terms of their regularisation performance, but primarily of their physical 64 soundness predictive capability. 
CONSTITUTIVE FORMULATION

78
The total strain rate is decomposed additively into elastic/reversible ( 
and can be than cast into the following rate form:
In Equation (4 
where the subscript h = f, g is used to indicate either the yield function or the plastic potential. In
91
Equations (6)−(8) m h and  h are constitutive parameters (see Table 1 ). 
where f and g keep denoting yield and plastic potential functions (Equation (6) 
 exponential viscous nucleus, initially proposed in [1] for loose sands:
121
where α is in the above definitions an additional viscous parameter controlling the shape of the viscous 122 nucleus function ( Table 1 ). The Macaulay brackets < > are used in Equation (12) 
where ρ s , ξ s and r sw are material parameters governing mechanical and hydraulic hardening, respectively 132 (Table 1 ). In particular, the second term at the right-hand side of Equation (15) 
where ε is the strain tensor, ε v the volumetric strain, ε s the deviatoric strain and e is the deviatoric It is always possible to compare the performance of a viscoplastic model to the response of its elasto-plastic (rate-insensitive) counterpart by simply setting a sufficiently high fluidity parameter  in Equation (11). sand, allowing a separate identification of elasto-plastic and viscous parameters, respectively. Table 2 as hos027 d4, batr02 and alert9 have 186 been best-matched as exemplified in Figure 1 . The final set of calibrated elasto-plastic parameters is 187 reported in Table 3 and Table 4 
Viscous parameters
191
With the same set of elasto-plastic parameters (Tables 3-4 viscous parameters are set (see Table 5 ). Table 6 . It should be noted that the same value of α (i.e.
210
same shape of ) has been used for both loose and dense Hostun sand (see Table 5 and 
Dense Hostun sand
263
The comparison between experimental and numerical dense sand behaviour is illustrated in Figure 7 264 (hos027 in Table 2 ). As in the loose sand case, the results from the linear viscous nucleus are quite 265 unsatisfactory: the peak stress is significantly underestimated (Figure 7a ), while the predicted volumetric strain trend is less dilative than in reality (Figure 7b) . Conversely, the use of exponential nucleus allows 267 to capture correctly both the peak stress and the dilatancy, although the strain softening behaviour can 268 only be reproduced via the non-linear Dr-dependence of ξ s and ρ s (Equation (19)).
(a)
(b) Figure 7 : TXD test on dense Hostun sand (e 0 =0.578, p' 0 =200 kPa): (a) deviatoric stress-strain response and (b) volumetric behaviour. 
Medium dense Hostun sand
Undrained triaxial compression tests (TXU)
310
In this subsection the undrained triaxial performance of the proposed model is explored with respect 311 to the TXU tests in Table 2 . It is noted that transiting to undrained conditions jeopardises the suitability 312 of the viscous parameters in Tables 5-6 , which leads to envisage f function probably more complex 313 than the assumed exponential form [56] . The different stress paths characterising TXD and TXU tests 314 mobilise different ranges of the -f relationship, whose non-linearity should be captured for accurate 315 simulations over a wide spectrum of loading conditions. Relatedly, simplistic viscous nucleus 316 3 Intermediate relaxation branches in the original data have been removed from the plot, as overlooked in the numerical simulations for the sake of simplicity. formulation conceived, for instance, for numerical regularisation purposes, may yield misleading results 317 when applied to very diverse loading/drainage conditions.
318
The parameters of the exponential viscous nucleus have been thus recalibrated based on the TXU 319 results in Figures 13-14 , for loose and dense Hostun sand respectively -tests batr02 and alert9 from 320 [50] . The same figures indicate that the new viscous parameters in Table 7 were applied: between two subsequent load increments a time period of 5 minutes elapsed; when the 348 desired stress level was reached (q = 61 kPa, p' = 120 kPa) a further load increment of 2 kPa was applied.
349
The predictions in Figure 18 
354
(a) (b) Figure 18 : Undrained creep test on loose Hostun sand (e 0 =0.900, p' 0 =100 kPa): time evolution of (a) axial strain and (b) pore pressure. 
CONCLUSIONS
379
The discussion offered in this work also aimed to discourage simplistic use of viscoplasticity as a mere 380 numerical expedient against mesh-dependence in strain-localisation problems. Conversely, the 381 viscoplastic framework was reappraised as a physically sound approach to sand modelling, easy to 382 extend to non-locality whenever also characteristic length effects are relevant.
383
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